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Data Fusion with Communication Applications
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19 Memorial Drive West

"Bethlehem, PA 18015-3084

1. Objectives

We believe the completed research is highly relevant to several of the
technology areas identified under the Air Force Scientific Advisory
‘Board's New World Vista Report. In particular, the completed research
has provided contributions to Network Data Fusion for Global Awareness
- (listed under Global Awareness) and Communications (listed under
Dynamic Planning and Execution Control). Data fusion has the
potential to provide substantial quality and data rate gains in
wireless and wired communication networks. At the beginning of this
project, a number of topics remained uninvestigated which needed to
be developed to advance these ideas. 1In this research we have
developed some of these topics. One area of focus was on developing
the topic of distributed multiuser detection. This included
developing algorithms and analyzing their performance and complexity.
Synchronous and asynchronous cases, short and long code cases, as well
as binary and multiple-bit receiver decision cases were all
considered for the parallel distributed detection topology using
coherent receivers. A second topic of investigation involved the
study of multiple antenna transmission and reception schemes which can
be integrated into a system employing distributed multiuser detection.
The research topics considered have led to research contributions to
both the communications and data fusion community and these should
produce improvements in future systems and products.

2. Executive Summary

Data fusion ideas were employed to solve some important communication
gystem problems. The first topic involved studying methods for
generating and combining decisions from individual receivers in a
multiple user scenario. The resulting theory of distributed multiuser
detection or multiuser decision fusion has applications in both
communications and in more classical problems of data fusion. In

current digital cellular networks, for example, this theory is useful

for combining decisions made at several remote base stations. The
techniques should also be important for future ad hoc networks. In

- these cases the network can employ multiple paths to transmit the same
data so that diversity gain can be achieved. Each path may involve

several hops of a wireless network. Even for communication over

wires, combining the corresponding decisions of bits sent over different
paths in a communication network is a promising idea to improve performance
which should receive more attention. The actual combining may take place
at the network level of the communication system which adds diversity at a
level at which diversity is much less frequently employed. This type of
diversity can also be used in conjunction with more traditional diversity
methods. The completed research focused on designing algorithms for and
analyzing the performance and complexity of such schemes. The approach
involved developing the theory for distributed multiuser detection by
building on single user distributed detection theory. Besides contributing
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to the area of communications, the proposed research on distributed
multiuser detection is also applicable to a more general data fusion
problem with structured interference. We note that several researchers
have begun working on problems involving data fusion and communication
since our research results appeared. In fact, we are told that this

is now a very hot research topic. '

~

" The second topic investigated in this research project involved the
study of methods employing multiple transmit and receive antennas to
achieve impressive performance gains using space-time coding and related
multiple-input multiple output (MIMO) methods. We developed new
improved codes and gave particular attention to the use of MIMO in a
system (as opposed to a link which is interference free) which had
previously not received much study. However, we have indications that
‘this also will become a hot research topic. Since are research results
have appeared several research groups have begun working on this topic.
Our investigations indicate that the resulting interference can have
unexpected and interesting implications, which has attracted some attention.

3. Accomplishments

We have succeeded in generalizing the theory of distributed signal
detection to multiuser cases and these results were just published

in a journal article [1] (references in this section refer

to the numbered publications in Section 5 of this report). In [1]

we give a complete description of this theory of distributed multiuser
detection and we describe the application to wireless communication systems.
The application to wireless communication systems can lead to significant
gains in real systems, as shown in [1], for only small increases in system
complexity. On the other hand the theory of distributed multiuser
detection advances the state of knowledge in the area of data fusion and
should enable further theoretical and practical advances in the future.

We have developed an efficient and effective new methodology
[2,3,4,5,10,15,16] for designing space-time convolutional and
space-time block codes for quasistatic flat fading channels and

rapid flat fading channels. The key idea is to consider more

than just the worst case pairwise error probability which is the

usual approach. We have devised an innovative new design criterion

to augment the usual criterion. The augmented criterion averages over
a few of the most important error events to substantially increase
utility while maintaining simplicity. We present a particularly
efficient method to check this new criterion which allows diversity
gain performance to be checked at the same time, which is usually
necessary, without additional computations. The resulting codes we
have developed using this technique are, to the best of our knowledge,
still the best existing space-time codes produced to date. Many other
researchers have tried to develop theories to produce better codes but
so far we have not seen any efforts that produced codes of the same
complexity that provide significant improvement. Further the resulting
design procedures are typically far more complex than what we have proposed.

While we have focused on flat fading cases in [2,3,4,15],

we have also shown in [5] that the flat fading codes can

be applied directly to the case of frequency selective fading
channels by using OFDM. Further the performance achieved,

see [5], is excellent. Overall a very low complexity approach

is proposed in [5] that is shown to be very powerful. Still it
may happen that a single carrier transmission approach is desired.
Very recently [10,16] we have proposed a method for adapting our
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" flat fading code design procedure for frequency selective fading
channels which does not require the use of OFDM. Here only a
single carrier is needed. 1In [10,16] we also describe the general
properties of space-time codes when they are applied to frequency
selective fading channels. 1In particular, we provide theorems
describing the change in performance of a particular space-time code

- when the frequency selectivity of the channel is changed in particular
ways. We also describe the influence of correlation of the channel
impulse response across space or time. :

More recently, we were one of the very first research groups to study
the effects of using antenna arrays in systems where users generally
can interfere with one another. In particular we consider the use of
space-time coding or what are more generally called multiple-input
multiple-output (MIMO) approaches. In particular we have studied
capacity optimum signaling [6,7,9,17,18,19] and shown that the optimum
signaling can be significantly different from the cases where
interference is not present. First consider the case assuming no
channel state information at the transmitter, as considered

in [6,7,17,18,19]. Assume an equal number of transmit and

receive antennas are employed. If interference is not present then
the optimum signaling sends an independent data stream from each
antenna. When interference is present the number of independent
streams should be reduced using a stream control algorithm. For
asymptotically large interference only a single stream should be
transmitted. For MIMO-OFDM systems [20] even more complicated behavior
occurs since now MIMO is employed for each OFDM tone in an independent
"way. For large interference the interfering users should be allowed
to use different tones to the greatest extent possible to avoid
‘interference. In cases where some tones must be shared, due to a
larger number of users, stream control must again be employed.

We have also found the behavior with channel state information

at the transmitter is very similar in [9]. We have also studied
cases wih quntization in the channel state information in [28]

where we show the problem is very similar to a distributed detection
problem.

A promising approach for reducing complexity while retaining a
reasonably large fraction of the high potential data rate of a MIMO
approach appears to be to employ some form of antenna selection
[8,12,21,27]. Thus one can employ a reduced number of RF chains at the
transmitter/receiver and attempt to optimally allocate each chain to

one of a larger number of transmit/receive antennas. In this case only the
best set of antennas is used, while the remaining antennas are not
-employed, thus reducing the number of required RF chains. We have studied
[8,12,21,27] the optimum signaling for cases with antenna selection

and we have shown that it is different from the optimum signaling for
cases without selection, even if interference is not present. 1In
particular we show [8,12,21,27] the optimum signaling is different for
cases with weak SNR or SINR, but the same for large SNR or SINR. In fact
the optimum signaling covariance matrix is generally a convex combination
of an identity matrix (optimum without selection and interference) and a
matrix with all identical entries (optimum with selection and weak

SNR) . Adaptive modulation is another promising approach to improve
performance. We have shown [22,23] that considerable improvement is
possible without complicated coding if the users are not moving too
rapidly. If users do move rapidly, we have proposed [22,23] some

robust approaches that still provide considerable improvement.

We have also demonstrated [11] very recently the significant gains

that can be achieved using a simple procedure to exploit multiuser




" diversity in broadcast channels.

The ability to use wireless communication devices to form ad-hoc
networks is one of the most powerful ideas to emerge over the last few
years. Using ad-hoc networks to establish path diversity would allow
decision fusion [1]. The actual combining may take place at the
network level of the communication system which adds diversity at a
level at which diversity is much less frequently employed. This type
of diversity can also be used in conjunction with more traditional
diversity methods. However, ad-hoc networks are still quite new and
" not so well understood. Recent research showed that the performance
of an ad-hoc network can decay very unfavorably with size implying
large networks may be impractical. Other research showed this may not
be true if mobility is exploited and asymptotically large delay is
allowed. 1In [13,24,25] we considered the impact of requiring a

finite limit on the allowed delay. We show that for delays below a
¢ritical delay, unfavorable scaling occurs. However for delays above
the critical delay, performance improves quickly. We also provide an
upper bound on the delay-limited capacity and propose an approach that
achieves this bound for asymptotically large networks.

We continue to consider the closely related topic of space-time adaptive
processing (STAP) for the particular application of improved radar
detection in [14,25]. The focus [25] recently has been on detecting
range distributed targets, but an overall survey of our work in this
area is scheduled to appear in [14].
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Much of the space-time coding/MIMO work was used and further
developed at AT&T Labs in NJ. The one difficulty with this
transition is that many of the people doing this work have
since left AT&T Labs. In fact the best contact person is
now at the University of Delaware:
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EE Dept., University of Delaware
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